The human T cell leukemia virus HTLV-1 establishes a persistent infection in vivo in which the viral sensestrand transcription is usually silent at a given time in each cell. However, cellular stress responses trigger the reactivation of HTLV-1, enabling the virus to transmit to a new host cell. Using single-molecule RNA FISH, we measured the kinetics of the HTLV-1 transcriptional reactivation in peripheral blood mononuclear cells (PBMCs) isolated from HTLV-1 + individuals. The abundance of the HTLV-1 sense and antisense transcripts was quantified hourly during incubation of the HTLV-1-infected PBMCs ex vivo. We found that, in each cell, the sense-strand transcription occurs in two distinct phases: the initial low-rate transcription is followed by a rapid transcriptional burst. The onset of transcription peaked between 1 and 3 hours after the start of in vitro incubation. The variance in the transcription intensity was similar in polyclonal HTLV-1 + PBMCs (with tens of thousands of distinct provirus insertion sites), and in samples with a single dominant HTLV-1 + clone. A stochastic simulation model was developed to estimate the parameters of HTLV-1 proviral transcription kinetics. The model indicated that the average duration of an HTLV-1 sense-strand transcriptional burst is less than one hour. HTLV-1 antisense transcription was stable during reactivation of the sense-strand. The antisense transcript HBZ was constantly produced at ~0.1 molecules per hour per HTLV-1 + cell; however, 20% to 70% of HTLV-1-infected cells were HBZ-negative at a given time. HTLV-1-infected cells are exposed to a range of stresses when they are drawn from the host, which initiate the viral reactivation. We conclude that whereas antisense-strand transcription is stable throughout the stress response, the HTLV-1 sense-strand reactivation is highly heterogeneous and occurs in short, self-terminating bursts.
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Introduction
Retroviral latency constitutes the main barrier to eradicating the infection from the host. The provirus is not completely silent, but is intermittently transcribed to produce viral particles that infect new clones of cells [1] . This intermittent transcription is partly due to the apparently stochastic nature of gene regulation [2] . However, it is poorly understood what regulates the balance between retroviral latency and transcription. Attempts to reactivate HIV-1 to expose it to drug therapy and the immune response -the shock-and-kill strategy [3] -have not been successful so far because it has not been possible to reactivate all the HIV-1 provirus in the reservoir [4] . Therefore, it is essential to understand the mechanisms and the extent of heterogeneity in the viral reactivation. Human T cell leukemia virus type 1 (HTLV-1) is a pathogenic retrovirus, which causes fatal and disabling diseases [1] . HTLV-1 remains largely latent in vivo, but undergoes transcriptional reactivation once the HTLV-1-infected lymphocytes are drawn from the circulation [5] . Here, we exploit this pattern of predominant HTLV-1 latency in vivo and spontaneous transcriptional reactivation ex vivo to study the kinetics of retroviral reactivation.
It is estimated that 10 million people across the globe are living with HTLV-1 [6] . HTLV-1 resides mainly in CD4 + T lymphocytes, and causes adult T cell leukemia/lymphoma (ATL), a CD4 + T cell malignancy, in some 5% of HTLV-1-infected individuals. HTLV-1 also causes, in up to another 5%, HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP; hereafter abbreviated to HAM) and other inflammatory disorders [1] . ATL typically presents as a monoclonal expansion of HTLV-1-infected T lymphocytes that is characterised by a unique integration site of the HTLV-1 provirus in the host genome [7] . By contrast, patients with HAM and asymptomatic HTLV-1 carriers have a polyclonal population of ~10 4 HTLV-1 + T cell clones [7, 8] .
HTLV-1 transcribes both the sense and antisense strand of its 9 kb provirus. The long terminal repeats (LTRs) located at the ends of the provirus serve as the promoters for sense and antisense transcription respectively. HTLV-1 Tax, produced from the sense strand, is a transcriptional transactivator protein that triggers NF-B activation and other transcriptional cascades as well as its own promoter at the LTR (reviewed in ref [9] ), exerting a strong positive feedback on the sense-strand transcription of the provirus.
The HTLV-1 transcript tax is undetectable in vitro in freshly isolated cells from most HTLV-1-infected individuals [10] . However, the presence of chronically activated cytotoxic T lymphocytes (CTLs) that recognise sense-strand-encoded products, particularly Tax [11] , indicates that the sense strand is intermittently expressed in vivo. By contrast, HTLV-1 transcribes HTLV-1 bZIP factor (HBZ) from the antisense strand. The HBZ transcript is usually detectable in vitro in peripheral blood mononuclear cells (PBMCs) obtained from HTLV-1-infected individuals [10] .
In a previous study, we applied single-molecule RNA FISH (smFISH) [12, 13] to quantify HTLV-1 sense and antisense transcription in HTLV-1 + T cell clones isolated from HTLV-1-infected individuals by limiting dilution and maintained in vitro [14] . We observed that the HTLV-1 sense strand is transcribed in an occasional yet intense transcriptional burst. The antisense transcript HBZ, however, was much more constantly expressed, albeit at a low level.
To propagate between cells and between individuals, HTLV-1 must restore the sense-strand transcription from latency and produce viral components to form a virological synapse at the site of cell-to-cell contact [15] . HTLV-1-infected T lymphocytes are transmitted to a new host by breastfeeding, sexual contact and blood transfusion. HTLV-1 sense transcripts rapidly become detectable when the HTLV-1-infected T lymphocytes are drawn from the circulation: the transcriptional reactivation is mediated by p38 MAP kinase activation [5] in response to diverse forms of cell stress. In the present study, we quantified this transient HTLV-1 transcriptional reactivation using smFISH [14] and used stochastic simulation to derive numerical estimates of the parameters of HTLV-1 reactivation from latency.
Results
HTLV-1 sense-strand shows two distinct phases of transcription in ex vivo culture HTLV-1-infected PBMCs carry a single copy of the provirus in the genome. HTLV-1 rapidly initiates transcriptional reactivation of the sense-strand once the PBMCs are introduced into culture. We used smFISH to quantify the frequency and intensity of HTLV-1 reactivation at the single-cell level ( Fig 1A) . We removed CD8 + cells to avoid CTL-mediated killing of HTLV-1-infected PBMCs that express sense-strand antigens (particularly Tax) during culture [16] . The PBMCs were sampled every hour and subjected to smFISH.
The sequence of representative images of cells (from a patient with HAM, coded TDZ) in Fig 1B shows the increase in the abundance of HTLV-1 sense transcripts over time. Sense-strand transcripts were virtually absent at 0 h (i.e. without incubation), and became detectable in a fraction of cells after 2 h of incubation.
Subsequently, a bright spot appeared in the nucleus in those cells in which the sense-strand transcripts were present. The bright spot is an indication of rapid transcription [17] , in which the transcripts are produced faster than they diffuse away, resulting in the accumulation of mRNAs at the site of transcription. This site contains nascent, unspliced transcripts, as revealed by an additional set of probes that targets gag (Fig 1C) which is otherwise spliced out of the sense transcripts (Fig 1A) , indicating that the rate of transcription is even faster than that of the splicing reaction [12] . In this paper, we denote the occurrence of the intense spot in the nucleus (i.e. a rapid transcription) as a transcriptional burst [18, 19] , as opposed to the rapid increase in the abundance of HTLV-1 transcripts over time at the population level.
The occurrence of a transcriptional burst was typically associated with the presence of ~10 to 20 sense transcripts in the nucleus. This observation is consistent with the idea that the positive feedback exerted by Tax on the sense-strand promoter occurs after a short interval following the first appearance of sensestrand transcripts, during which tax mRNA enters the cytoplasm, is translated, and Tax protein re-enters the nucleus. Thereafter, we observed cells carrying a large number of sense-strand transcripts -up to 300 molecules ( Fig 1B) .
Cell-to-cell variation in the intensity of HTLV-1 sense-strand reactivation in HTLV-1 + PBMCs
The population of PBMCs imaged by smFISH contained both HTLV-1-infected and uninfected cells. We wished to analyse the HTLV-1 mRNA count within the HTLV-1-infected population. We used the proviral load to calculate the number of HTLV-1-infected cells in the total population (Fig 2A) .
The distribution of the number of sense-strand transcripts per HTLV-1 + cell over time is shown in Fig 2B .
In each HTLV-1 + subject examined (TBC, TDZ, LGZ and LGB), the total number of transcripts increased continuously during the 8 hours of incubation. The distribution in the sample from one patient with HAM (TBC) presented a long tail of cells that carried a larger number of sense transcripts (up to 250 molecules), with a continuous distribution of cells that carried fewer than 50 transcripts. By contrast, a single mode was identified at around 100 molecules in an ATL patient (LGZ) carrying a single dominant clone.
We postulated that the polyclonal structure of HTLV-1-infected T cell clones in subjects with nonmalignant HTLV-1 infection [7] would explain the observed diversity in the distribution of the number of sense-strand transcripts per cell; by contrast, ATL patients with a monoclonal expansion of an HTLV-1 + T cell clone would show more uniform distribution of the number of sense transcripts. We plotted the variance vs. the mean of the observed transcript count for the four HTLV-1 + subjects with nine time points (Fig 2C) . The mean and variance from all the four samples showed a uniform power-law relationship with the exponent 1.7, suggesting that there is no fundamental qualitative difference in the kinetics of transcription between the samples examined.
HTLV-1 reactivation peaks after a few hours of ex vivo culture
To further characterise the transcriptional reactivation of the HTLV-1 sense strand, we quantified the fraction of cells that had become positive for sense transcripts at a given time during short-term culture of PBMCs (Fig 3A) . Cells were defined as positive for sense transcripts when they carried 3 or more spots, to discount spurious spots due to noise (S1 Fig; see Methods). At 0 h, none of the HTLV-1 + cells from each of the four HTLV-1 + subjects examined (TBC, TDZ, LGZ and LGB) were positive for sense-strand transcripts.
After 8 h of incubation, the fraction of positive cells rose to between 0.2 and 0.8, depending on the HTLV-1 + subject examined. We assumed that the waiting time until we observed 3 or more molecules in a cell is an accumulation of single stochastic processes, and therefore fitted the plots presented in Fig 3A with a cumulative gamma distribution [20] . The probability distribution function derived from the fitted curve ( Fig 3B) shows that the onset of sense-strand transcriptional reactivation peaked within 1 to 3 hours after the start of ex vivo culture. The timing of onset was more broadly distributed in samples from patients with HAM (TBC and TDZ) than from those with ATL (LGZ and LGB): the 75% quantiles of the probability distribution were 3.9 h and 4.9 h for TBC and TDZ respectively, whereas those for LGZ and LGB were less than 3 h. However, in each case the onset of the transcriptional reactivation was completed by 8 h ex vivo incubation in those cells that expressed detectable HTLV-1 mRNAs (20% to 80% of the total population, again depending on the HTLV-1 + subject examined); the remaining cells showed no sign of proviral transcription during the period of observation. We wished to identify the smallest number of parameters needed to explain the observed kinetics of proviral transcription. We applied a three-state promoter model [21] with some modifications (Fig 4A) :
Stochastic simulation predicts a burst termination following the promoter activation
the model allows the HTLV-1 sense promoter to transit from the "Off" to "On" state, and further progress to the "On-Tax" state by binding Tax protein; transcription occurs at the On state and the On-Tax state, with distinct transcription rates k5 or k6, respectively (k5 < k6). We used the smFISH data from the ATL patient LGZ for the parameter optimisation, because the single dominant clone of HTLV-1 + PBMCs in this leukemic subject requires only a single kinetic parameter for each reaction rate in the model, as opposed to a polyclonal population in which each clone would require a unique reaction rate to be assigned. The simulations of this three-state model are shown in Fig 4B. The three-state model failed to capture the observed distribution of the transcript count in LGZ: it led to an overestimation of the number of sensestrand transcripts. Therefore we assumed an additional reaction path in the three-state model (Fig 4C) , which allows the promoter to transit directly from the On-Tax state to the Off state with the parameter k10. This model produced fitted the smFISH data well ( Fig 4C) ; the resulting parameter estimates are listed in S1 Table. The parameter k10 was estimated to lie within the range of 1 to 5 (h -1 ), indicating that the HTLV-1 sense-strand promoter terminates the transcriptional burst in less than an hour. The sense-strand burst duration was measured for each cell in the simulation by recording the interval between the initiation of the On-Tax promoter state and the direct transition from the On-Tax to the Off state ( Fig 4D) .
These results indicate that the HTLV-1 sense-strand burst is rapidly terminated. . Since the mean number of HBZ mRNA molecules carried per cell <m> ranged from 0.380 to 1.31 ( Fig 5B, except LFK) , we estimate that the mean production rate of HBZ mRNA (k = <m>•δ) falls within the range 0.0599 to 0.206 h -1 ( Fig 5C) .
Between

Discussion
It is assumed that HTLV-1 tax is expressed in vivo [1] , because a strong, chronically activated CTL response against Tax is readily detectable in PBMCs from HTLV-1 + subjects ex vivo [11] . However, in the present study HTLV-1 sense-strand transcripts were rarely detected in fresh PBMCs without incubation, using the sensitive and specific method of smFISH, in any of the HTLV-1 + subjects examined (Figs 1B and 2B). The results show that HTLV-1 sense-strand transcription is rare in the circulation. We postulate that HTLV-1 expresses tax in different anatomical compartments of the body other than the blood, such as bone marrow and lymphatic organs. This notion is supported by the observation that tax is highly expressed in bone marrow in Japanese macaques infected with simian leukemia virus STLV-1, the simian counterpart of HTLV-1 [22] . The smFISH technique could be applied to analyse specimens from those organs, to identify and localise the subset of cells that express tax, and to reveal the structural and spatial distribution of HTLV-1 expression in situ.
Whereas the sense-strand transcript tax is usually undetectable by reverse-transcription-PCR in PBMCs isolated from HTLV-1 + subjects, the HTLV-1 antisense transcript HBZ is invariably detected in the same subjects [10] at the cell population level. This observation raised the hypothesis that HBZ protein and HBZ mRNA play an essential part in HTLV-1 persistence (reviewed in ref [23] ).
In our previous study, we examined the HBZ expression by smFISH in five HTLV-1-infected T cell clones isolated by limiting dilution from HTLV-1 + patients and maintained in vitro [14] . While the distribution of the HBZ mRNA count in three of the clones showed a small but significant departure from the expectation derived from the Poisson distribution, the other two clones conformed to the Poisson distribution (S2 Fig) .
The slight deviation from the Poisson distribution observed in those clones may result from a small burst of HBZ transcription [14] (S1 Text). The average HBZ mRNA count per cell in those five clones was in a small range (1.67 to 2.92), suggesting that the HBZ production rate varies little with the genomic insertion site of the HTLV-1 provirus.
In PBMCs circulating in HTLV-1-infected individuals, we assume that every HTLV-1 + clone is capable of expressing HBZ, because HBZ appears to be necessary for the persistence of HTLV-1 + T lymphocytes in vivo [23] . In the ex vivo PBMCs, we did not observe strong transcriptional bursts of the antisense strand.
The distribution of the HBZ count in the patients with ATL conformed well to the Poisson expectation ( Fig   5B) , except the patient coded LGB. This leukemic patient was anomalous in that only 20% of the total population expressed the proviral sense strand, even though a single dominant clone was present in the peripheral blood. The malignant clone present in another ATL patient (LFK), which essentially expressed no HBZ, had presumably acquired a set of mutations that allowed the cells to proliferate independently of the HTLV-1 provirus. The HBZ count in the patients with HAM, with a polyclonal HTLV-1 + T cell population, also conformed to the Poisson distribution. We conclude that HBZ is produced constantlyaround 0.1 molecules per hour on average -in each infected cell; due to the low average rate of transcription, around half of the total infected population are HBZ-negative at any one time.
It has been reported that HBZ mRNA promotes cell proliferation in vitro [10, 24] . If this observation holds true in naturally-infected cells, with the low abundance of HBZ mRNA molecules observed in this study, it becomes increasingly important to understand how HBZ mRNA exerts such functions.
The HBZ protein level is also of great interest because the CD8 + T cell response against HBZ is a significant determinant of the HTLV-1 proviral load [25] , the main correlate of the risk of HAM and ATL [1] . A previous study from others estimated, by western blotting, that the abundance of endogenous HBZ protein is 17 molecules per cell in an ATL case [26] . However, this study did not report HBZ protein expression in nonmalignant cells, or its variance in a polyclonal population. In addition to the abundance of HBZ mRNA quantified in the present study, measuring the half-life of HBZ protein will permit the estimation of the variance in HBZ protein expression as well as the rate of HBZ translation.
During the ex vivo incubation, the distribution of HBZ molecules per cell was stable compared to the changes in the sense-strand expression (S3 Fig) in three of the four subjects examined (TBC, TDZ and LGB).
This observation suggests that the antisense strand does not undergo as strong a transcriptional burst as does the sense strand. In the fourth subject examined (LGZ), the abundance of HBZ mRNA in the population decayed over time ( S3 Fig, LGZ) . Since the majority of HTLV-1 + cells in LGZ (80%) restored the sense-strand transcription, it is possible that transcriptional interference -by the collision of two converging polymerase complexes -diminished the antisense transcription in this subject. However, in each of the remaining three subjects studied, there was no correlation between the sense-strand transcription and HBZ transcription. We conclude that transcriptional interference between the senseand antisense-strands does not play an important part in regulating HTLV-1 proviral transcription.
By applying smFISH to the transient HTLV-1 transcriptional reactivation of the sense strand, we found that (Fig 2C) . Such heterogeneity in transcription is often ascribed to the stochasticity that inevitably arises in biological processes.
In this study, we demonstrated that HTLV-1 sense-strand transcriptional reactivation in PBMCs occurs in an intense and rapid burst. But how long does such a burst last in the nucleus? By smFISH, we could not estimate the precise duration of a burst, because the cells rapidly accumulated hundreds of transcripts, making identification of a single bright spot difficult. By contrast, the stochastic simulation of the threestate promoter model (Fig 4C) estimated that the average burst duration was less than an hour: the model required the HTLV-1 sense-strand promoter to revert from the On-Tax state to the Off. Without invoking this extra parameter, cells did not terminate the transcription during the 8 h of the simulation, so the number of transcripts overshot the observed smFISH data (Fig 4B) .
The mechanism of this rapid termination of the sense-strand burst remains unknown, as in mammalian gene expression in general. The HTLV-1 accessory protein p30 retains tax mRNA in the nucleus, which results in the reduction of Tax protein production, leading to the reduction of viral transcription [27] .
However, p30 is unlikely to account for the rapid termination of the HTLV-1 transcriptional burst in PBMCs observed in the present study, because the abundance of Tax protein continues to rise in PBMCs during 8
h ex vivo culture [28] . Recent evidence suggests that transcription factors form phase-separated droplets where transcriptional bursts occur, and intrinsically disordered domains of transcription factors are particularly responsible for forming droplets [29, 30] . HTLV-1 Tax protein has a number of binding partners in the cell [31] and forms speckles in the nucleus that colocalise with active transcription spots [32] . These observations raise the possibility that Tax contributes to the formation of phase-separated droplets in the nucleus that serve as the locus for HTLV-1 transcription. External perturbation can disperse phaseseparated droplets [30] and might therefore terminate the burst, leading to a refractory period of complete transcriptional silence.
In HIV-1 infection, the potential use of shock-and-kill treatment is still under debate because all approaches used to date have activated only a small fraction of the proviruses in a host. The results presented here demonstrate that the extent of heterogeneity in retrovirus reactivation is diverse in a population of naturally-infected cells, and suggest a quantitative approach for examining the efficacy of the treatment. 
Materials and Methods
Patient-derived PBMCs
Short-term culture of patient PBMCs
Patient-derived PBMCs were thawed and washed with PBS (Gibco, 14190) containing 2 mM EDTA/0.1% FBS. CD8 + cells were removed with Dynabeads (Invitrogen, 11147D) to avoid CTL killing against HTLV-1 Tax + cells. Cells were suspended (1 × 10 6 cells/ml) in RPMI1640 (Sigma, R0883) supplemented with 2 mM L-glutamine (Gibco, 25030-81), penicillin/streptomycin (Gibco, 15070-063) and 10% fetal bovine serum (Gibco, 10500-064). One ml of cell suspension (1 × 10 6 cells) was aliquoted and dispensed into 5 ml polystyrene round-bottom tubes (Falcon, 352054) to keep the cell density consistent between assays.
Cells were incubated in 5% CO2 at 37°C until sampled. One aliquot was sampled at each time point (every hour) and subjected to single-molecule RNA FISH.
Single-molecule RNA FISH
Cells were washed and suspended in PBS at a density of 5-10 × 10 6 cells/ml. An aliquot (20 μl) of the suspension was spread on to a coverslip that had been coated with poly-L-lysine (Sigma, P8920). Cells were fixed with 2% formaldehyde (Thermo Scientific, 28908) on the coverslip for 15 min. Coverslips were immersed in 70% ethanol and stored at -20°C until hybridisation.
Hybridisation was performed as previously described [14] . Namely, permeabilised cells were hybridized 
Image analysis
Stacked TIFF images containing 54 z-slices with a 300 nm interval were obtained using Micro Manager [33] . Each slice is composed of four channels (DAPI, GFP, DsRed and Cy5). The stacked TIFF images were split into the four channels. Cells were segmented using the DAPI channel with an in-house algorithm. Droplets were generated with QX200 Droplet Generator (Bio-Rad). PCR was performed (95°C for 10 min; 40 cycles of 94°C for 30 sec and 60°C for 1 min; 98°C for 10 min) with C1000 Touch thermal cycler (BioRad). Fluorescent signal was detected using QX200 Droplet Reader (Bio-Rad).
Stochastic simulation for the transient HTLV-1 sense-strand transcription
A Gillespie stochastic simulation algorithm was employed [35] . The molecular species and the schematic diagram of reactions are shown in Fig 4A. We assumed three possible states for the HTLV-1 sense-strand promoter: the "Off" state where essentially no transcription takes place; the "On" state from which sense transcripts are produced at a low transcription rate; and the "On- Tax were confined to the Off promoter state (Fig 3A, LGZ). A random parameter search was performed to identify the sets of parameters that fit to the smFISH data. The parameter search space is shown in Table   2 . The limits of the parameter search space were set using the data from smFISH experiments on the timing of the onset of transcription (for k1) and the number of sense transcripts observed prior to a transcriptional burst (for k5 and k3). The limits of the parameter search for the mRNA and protein degradation rates were set according to the previous publication [36] . A number of parameter sets were tested (2,330 for the simulation set out in Fig 4B, and 9 ,725 in Fig 4C) . The goodness of fit for each parameter set was assessed by squared deviation summed across the bins in every time point. 
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An alternative model accounting for the departure from the Poisson distribution
We observed the deviation of the HBZ count per cell in some of the in vitro maintained HTLV-1 + T cell clones from the expectation with the Poisson distribution (1). Of note in this observation is the higher number of HBZ-negative cells in those clones at a given time. We suspected that this deviation is due to the antisense strand being transcribed in a small and occasional burst. Therefore, we applied the following two-state model to the clone B as an example.
The number of HBZ molecules <m> at the steady state can be described as We obtained a parameter set (k 1 =0.658, k 2 =94.524, k 3 =41.14 and k 4 =0.158) which yielded the distribution indicated below with the black line.
With this parameter set, we estimate the burst frequency and intensity as follows: 
